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GROWTH  /IND  SPECTRAL  ANALYSIS  OF  CERIUM  MAGNESIUM  ALUMINATE 


INTRODUCTION 

The  personal  dosimeter  (DT-236),  a nuclear  radiation  detector  and  its 
associated  reader  (CP-696),  developed  by  the  Radiac  Technical  Area  of  the 
Combat  Surveillance  A Target  Acquisition  Laboratory,  utilizes  electromagnetic 
radiation  in  the  340-360  nanometer  (nm)  range  during  operation.  This  radia- 
tion (340-360  nm)  causes  a silver-activated,  phosphate-glass  dosimeter  ele- 
ment, which  is  sensitive  to  gamma-radiation,  to  fluoresce  in  the  orange-red 
( 630  nm)  in  proportion  to  the  radiation  damage  caused  in  that  material. 

Presently,  a pulsed  xenon  I'lashtube  is  used  to  provide  the  requisite  340- 
360  nm  radiation  (^ig.  1).  During  operation  at  normal  power  the  xenon  tubes 
have  less  than  the  desired  output  in  this  range.  In  order  to  enhance  340- 
360  nm  output,  the  tubes  are  pulsea  under  higher  than  normal  power.  When 
this  is  done,  considerable  enhancement  in  the  range  between  200-340  nm  is 
also  generated.  This  overdriving  of  the  tube  causes  a reduction  in  useful 
1 i fetime. 

Utilization  of  the  tube  output  from  200-340  nm  by  conversion  of  this 
radiation  to  340-360  nm  would  allow  that  tube  to  be  driven  at  a lower  Pl  ler 
level,  tnus  increasing  its  lifetime  and  making  Liie  uperaLiun  of  Lhe  detector 
more  efficient. 

The  conversion  of  higher  frequency,  shorter  wavelength  electromagnetic 
radiation  to  lower  frequency,  longer  wavelength  radiation  in  atomic  systems 
is  called  fluorescence.  This  is  accomplished  via  the  absorption  of  the 
shorter  wavelength  radiation  by  electrons  in  atomic  orbitals  within  a chemi- 
cal compound.  These  electrons  are  raised  in  energy  by  this  absorption  of 
radiation  and  after  a finite  period  of  time  the  electrons  drop  to  a lower 
energy  orbital  and,  in  the  process,  radiate  energy  at  a lower  frequency  and/or 
longer  wavelength. 

1 2 

Recent  work  at  N.V.  Philips  Laboratories,  Eindhoven,  The  Netherlands,  ’ 
on  polycrystalline  cerium-containing  inorganic  compounds  led  to  the  consider- 
ation of  Lai-xCexMgAi ijOig  as  a prime  candidate  for  the  sought  conversion  of 
the  electromagnetic  radiation.  Table  1 lists  the  high  quantum  efficiency 
of  the  conversion  of  200-300  nm  radiation  to  340-360  nm  for  various  stoichiom- 
etries of  Lai-xCexMgAl ijOig.  Figures  2 and  3 graphically  demonstrate  this 
process.  The  properties  of  the  polycrystal  1 me  material  may  or  may  not  re- 
flect those  of  single  crystal  material.  Discussions  with  Dr.  A.  Cohen  and 
E.  Groeber  of  the  Radiac  Technical  Area  resulted  in  the  decision  to  investi- 
gate the  possibility  of  forming  single  crystals  of  CeMgAlnOig  and  deter- 
mining its  fluorescent  properties. 


1.  J.M.P.J.  Verstegen,  J.L.  Sommerdijk  and  J.G.  Verriet,  "Cerium  and  Terbium 
Luminescence  in  LaMgAl i lOjg ,"  Journal  of  Luminescence  6,  425-431  (1973). 

2.  J.L.  Sommerdijk  and  J.M.P.J.  Verstegen,  "Concentration  Dependence  of  the 
Ce^'^  and  Tb^'*’  Luminescence  of  Cej.xTbxMgAl  nOig,"  Journal  of  Luminescence 
9,  415-419  (1974). 
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EXPERIMENTAL 


Two  basic  techniques  for  the  formation  and  growth  of  good  quality  single 
crystals  from  inorganic  oxides  were  considered:  1)  melt  growth,  where  the 
crystal  is  grown  from  its  own  melt  (congruently  melting),  and  2)  flux  growth, 
where  the  compound  is  dissolved  in  molten  salts  at  high  temperatures  and, 
upon  cooling,  single  crystals  nucleate  and  grow.  The  first  technique  is 
preferable  for  there  is  less  contamination  and  more  perfect  crystals  generally 
result . 

Polycrystalline  materials  are  generally  made  from  the  component  atomic 
or  molecular  species  in  the  solid  state  (below  the  melting  points  of  the  com- 
ponents and  the  compound  sought).  Polycrystalline  CeMgAlnOig  was  formed  by 
two  techniques:  1)  Ce02> MgO  and  AI2O3  were  combined  in  stoichiometric  quan- 
tities and  fired  at  ISOQOC  in  air,  then  air  quenched;  2)  using  the  approach 
of  the  Philips  workers,^’'’  MgO  and  A1(0H)3  were  reacted  with  dilute  HNO3 
forming  an  aqueous  solution  of  A1(N03)3  and  Mg(N03)2.  Ce(N03)3- GH^O  was 

added  and  then  the  hydroxides  of  Al,  Mg  and  Ce  were  precipitated  using  NH4OH. 
The  solution  was  evaporated  to  dryness  leaving  a co-precipi tated  powder  which 
was  dried,  then  fired  at  700°C  in  air  for  one  hour.  This  powder  was  subse- 
quently fired  at  IBOO^C  for  four  hours  and  air  quenched. 

The  two  resulting  polycrystalline  powders  were  examined  by  means  of  an 
x-ray  powder  diffractometer  and  were  found  to  have  the  same  crystal  structures 
as  CeMgAliiOig.  To  determine  whether  the  compound  melts  congruently,  the 
first  powder  was  melted  using  an  oxyhydrogen  torch.  The  recrystallized  prod- 
uct was  shown  by  x-ray  diffraction  to  be  the  same  as  the  starting  powder  which 
proved  the  compound  congruently  melted. 

The  next  step  was  the  growth  of  single  crystals  for  spectral  analysis. 

An  iridium  crucible  was  loaded  with  preformed  CeMgAljiOig  and  raised  in  tem- 
perature to  2000^0  in  an  RF  generator.  Here  the  compound  was  melted  and  then 
slow-cooled  for  purposes  of  nucleation  and  growth  of  single  crystals.  On 
cooling  to  room  temperature, crystals  were  broken  out  of  the  crucible  and  used 
as  seed  crystals  for  the  Czochralski  growth  method  illustrated  in  Fig.  4. 

Again  a melt  was  formed  at  'v-  2000°C;  a seed  crystal  attached  to  a refractory 
rod  was  lowered  into  the  melt  and  then  withdrawn  slowly.  A large  single  crys- 
tal grew  on  the  seed  and  eventually  pulled  away  from  the  melt.  This  crystal 
was  removed  and  broken  up  into  several  large  pieces  with  clear  areas.  These 
large  pieces  were  examined  by  x-ray  diffraction,  and  several  were  subjected 
to  the  following  spectral  analysis. 

The  experimental  setup  shown  in  Fig.  5 was  used.  Light  from  cw  xenon 
lamp  is  filtered  by  two  1/4-meter  Ebbert  monochromators  providing  a tunable 
source  with  a bandwidth  of  6.4  nm.  "^his  light  excites  the  crystal  to  differ- 
ent emission  intensities  depending  on  the  wavelength  of  the  exciting  light. 

The  emission  is  chopped  at  400  Hz  to  provide  an  ac  signal  for  the  amplifying 
electronics.  After  the  emission  is  filtered  by  the  1/2-nieter  Ebbert  monochrom- 
ator at  a bandwidth  of  0.64  nm,  it  is  transformed  into  a 400-Hz  electrical 
signal  by  the  RCA  7265  photomultiplier,  which  is  cooled  to  -250C  to  reduce 
shot  noise.  The  signal  is  then  amplified  by  a broadband  preamplifier  whose 
signal  feeds  a "lock-in"  amplifier.  The  "lock-in"  reamplifies  the  signal 
while  also  processing  the  signal  by  a phase  sensitive  detector  which  is  driven 
by  a 400-Hz  reference  signal  generated  at  the  chopper.  The  signal  is  then 

3.  See  Reference  1 , p.  1 . 

4.  See  Reference  2,  p.  1. 
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rectified  and  fed  to  the  Y channel  of  an  X-Y  recorder.  The  X channel  is  oper- 
ated in  the  "sweep  mode"  calibrated  to  the  wavelength  scan  speed  of  the  appro- 
oriate  monochfomator . 

To  obtain  excitation  spectra  the  l/?-meter  monochromator  is  tuned  to  the 
wavelength  of  maximum  luminescent  output  while  the  crystal  is  excited  by  the 
cw  xenon  light  scanned  by  the  1/4-meter  monochromators . Since  the  xenon  lamp 
is  not  a gray  emitter,  the  resultant  data  must  be  divided  by  the  xenon  spec- 
tral output  to  obtain  a relative  excitation  spectrum.  Replacing  the  sample 
with  MgO  and  measuring  the  xenon  output  at  the  wavelength  of  maximum  excita- 
tion by  the  photomultiplier  via  the  1/2-meter  monochromator,  we  can  compute 
a maximum  value  for  tne  quantum  efficiency  q,  where 


max 
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= wavelength  at  maximum  excitation 
= response  of  photomultiplier 


Setting  q^ay  at  the  excitation  maximum  and  dividing  all  the  spectrum 
wavelengths  by  the  appropriate  values  of  the  excitation  wavelength,  and  cor- 
recting for  the  reflectance  of  the  crystal,  we  obtain  a spectrum  of  the 
quantum  efficiency  (Fig.  6). 

To  obtain  luminescence  or  emission  spectra,  the  1/4-meter  monochromators 
are  tuned  to  the  most  efficient  exciting  wavelength,  and  the  1/2-meter  mono- 
chromator is  scanned  through  the  appropriate  wavelengths.  The  resultant  data 
is  divided  by  the  spectral  response  of  the  monochromator-photomultiplier  com- 
plex, yielding  the  luminescence  spectrum  (Fig.  6). 

DISCUSSION 

The  luminescent  spectra  that  result  are  based  on  the  following:  the 
element  Ce  is  one  of  the  rare-earth  metals,  whose  4f  orbits  as  a group  are 
not  completely  filled  with  electrons.  In  the  CeMgAliiOig  with  a close-packed 
oxygen  anion  framework,  the  oxygen  anions  which  bond  with  the  cerium  atoms 
have  filled  5s  and  5p  orbitals.  In  the  Ce  atoms,  the  4f  orbitals  have  2 
electrons,  and  in  the  Ce’"^  ion  of  interest  here,  there  is  one  4f  electron. 

The  other  4f  electron  and  two  6s  electrons  are  involved  in  bonding  the  Ce^'*' 
to  the  oxygen  ligands  through  molecular  orbitals  formed  by  the  cations'  6s 
and  4f  orbitals  and  the  oxygen  5s  and  5p  orbitals. 
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The  siiHjle  electron  yives  rise  to  two  enerfjy  states:  the  ^^"7/2  level 
(with  quantum  numhers  S-1/2.  L=3.  1=7/2)  anr)  the  level  (S=l/2,  L=3, 

J=5/2).  These  two  levels,  which  differ  in  energy  by  an  amount  corresponding 


to  about  2000  cm‘1,  relate  to  two  distinct  states;  in  the  first, 
and  spin  moments  of  the  electron  are  parallel,  and  in  the  second 
anti -para  1 lei . The  ^f  election  is  screened  from  the  environment 
trons  involved  in  the  bonding  orbitals. 


the  orbital 
they  are 
by  the  elec- 


A Ce-^  ion  in  this  compound  emits  radiation  when  an  electron  that  has 
been  raised  by  excitation  from  a 4f  to  a 5d  state  returns  to  the  4f  state. 
Unlike  the  4f  orbit,  the  5d  orbit  lies  at  the  surface  of  the  ion  and  is 
therefore  much  more  exposed  to  the  infliience  of  the  crystal  lattice.  The 
electric  fieid  of  the  surrounding  ions,  the  "crystal  field,"  has  the  effect 
of  splitting  the  5d  level  into  a number  of  sublevels  (the  Stark  effect), 
which  are  roudhly  15,000  to  20,000  cm'l  apart,  further,  the  emission  and 
absorption  bands  are  considerably  broadened  due  to  this  interaction  with 
the  lattice. 


Transitions  from  this  level  to  the  4f  level  give  rise  to  a band  instead 
of  discrete  lines  in  the  emission  spectrum  (Fig.  7).  The  splitting  of  the  4f 
state  gives  tne  emission  a double  character,  i.e.,  the  band  consists  of  two 
overlapping  sub-bands.  The  strongest  emission  corresponds  to  a transition 
‘'rom  the  lowest  sublevel  of  the  5d  level  to  the  two  4f  bands.  This  5d-4f 
t’-ansition  is  a pennitted  transition  (electric-dipole)  and  accounts  for  the 
very  short  lifetimes  of  the  electrons  in  the  5d  states,  30  to  100  nanoseconds 
in  the  lowest  5d  level.  Thus  the  broad  luminescent  peaks  seen  in  the  experi- 
mental data  are  due  to  the  overlapping  of  two  sub-bands  which  were  broadened 
further  by  the  interaction  of  the  5d  orbitals  with  the  lattice  through  the 
crystal  field.  The  wavelength  of  the  emission  is  due  to  the  energy  levels 
of  the  5d  levels  (Fig.  7)  frem  which  the  electronic  transition  to  the  4f 
levels  takes  place. 

The  Philips  spectra  (Figs.  2 and  3)  and  quantum  efficiencies  (Table  1) 
were  obtained  using  the  approach  of  Bril  and  Wanmaker.^  They  used  mainly 
254-nm  excitation  with  a filter  arrangement  which  passed  only  220-296  nm  radi- 
ation. In  our  procedure,  the  excitation  source  used  is  a cw  xenon  lamp  with- 
out a filter  which  approximates  the  radiation  present  under  the  operating 
conditions  of  the  dosimeter.  Also,  the  Philips  workers  compared  the  output 
of  the  luminescent  material  to  the  luminescent  output  of  sodium  salicylate 
which  is  assumed  to  have  a constant  ouantum  efficiency.  This  was  not  done 
in  this  study. 


Figure  6 is  the  experimental  excitation  and  luminescent  spectra  obtained 
in  this  work  and  compares  well  with  the  spectra  in  Fig.  3.  In  Fig.  6,  the 
short  wavelength  component  (340-360  nm)  of  the  Ce^'*’  emission  of  CeMgAljiOig 
had  a lower  intensity  than  anticipated.  We  believe  this  is  due  to  self- 
absorption of  the  emission  by  the  compound  itself  because  of  the  high  Ce^'*' 
concentrat ion.  This  effect  had  been  noted  first  by  Botden.^  Based  on  this 
fact  a Ce^'*’  concentration  reduced  by  two  orders  of  magnitude  as  in 


6.  A.  Bril  and  W.L.  Wanmaker,  "Fluorescent  Properties  of  Some  Europium- 
Activated  Phosphors,"  J.  Electrochem.  Soc.  Ill,  12  (1964). 


6.  P.J.  Botden,  "Transfer  and  Transport  of  Energy  by  Resonance  Processes 
Luminescence  Solids,"  Philips  Res.  Repts.  1_,  197  ( 1952). 
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L'i0.99Ceo  1 lOlo  would  yield  a higher  luminescence  output  between  340  and 

360  nn.  Also,  as  We6er7  points  out,  because  of  the  very  strong  absorption 
strength  of  the  Ce^^  5d  bands,  radiation  at  excitation  or  pump  wavelengths 
penetrates  only  a short  distance  into  the  crystal.  This  implies  that  very 
thin  single  crystals  or  thin  polycrystalline  layers  of  Lao.99Ceo.oi^9AMlOl9 
might  be  the  most  efficient  configuration,  because  the  ratio  of  surface  to 
bulk  would  be  very  high  and  surface  luminescence  should  predominate. 

corjCLUsiorj 


Since  It  is  evident  that  thin  layers  of  Lao.99feo.oif'^9Al  llOld  ’re- 
quired for  maximum  conversion  efficiency  of  200-300  nm  radiation  to  340-360 
nm  radiation,  the  formation  of  such  layers  should  be  sought.  Single  crystals 
have  been  grown  and  characterized,  and  it  should  be  possible  to  perfect  the 
growth  tecnnigues  to  produce  larger  area,  thin  single  crystals  of 

'■'^o.99^^o.or‘^^^hi^i9- 


Other  approaches  consist  of  coating  transparent  substrates  such  as  thin 


single  cry 

(amorpbf 

arc-pl . 
the  at 
is  av 


of  AI2O3  (sapphire),  MgAl204  (spinel),  or  fused  quartz 
LaQ.ggCeQ.oiMgAl iiO^g  by  one  of  the  following  techniques; 
chemical  vapor  deposition,  or  liquid  phase  epitaxy.  All  of 
.ites  are  in  our  possession  and  the  arc-plasma-spray  facility 
A testing  program  using  the  thin  single  crystals  and/or  the 


coateu  ti an, parent  substrates  would  tnen  toiiow. 


Purtner,  since  integral  reflectors  in  xenon  lamps  were  developed  for 
the  US  Army  Mobility  Coninand  by  Varian  Associates ,2  one  could  conceive  of  a 
reflector  conf igurat ion  with  the  reflector  coated  with  Lag. 99Ceo.oif4gAl 11O29. 
Indeed,  since  the  xenon  lamps  have  fused  quartz  envelopes,  either  coated  quartz 
envelopes  or  envelopes  of  Lag  ggCeg  oi^9^Ul^l9  other  possibilities. 

In  sunmary,  many  physical  configurations  are  avilable  for  use  of  this 
ultraviolet  phosphor. 


7.  M.J.  Weber,  "Optical  Spectra  of  Ce^^  and  Ce^'^’-Sensi  ti  zed  Fluorescence  in 

YAIO3,"  (1973). 

8.  John  J.  Richter,  "Development  of  Compact  Xenon  Arc  Lamps  with  Integral 
Reflectors,"  Final  Report,  April  1969,  Contract  No.  DAAK02-68-C-0215,  US 
Army  Mobility  Equipment  Research  & Development  Center,  Fort  Belvoir,  VA. 
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Quantum  efficiencies  (q.e.)  at  the  excitation  maximum  of  Ce^^  and  Ce^^, 
Tb'^^-doped  LaMqAljjO^p. 


Compos i tion  q.e.  ( ) 


^3+ 

Ce  emission 

T1.3+  . . 

Tb  emission 

11^19 

65 

-- 

65 

-- 

‘-^0.75^^0.25^^^hl°19 

65 

-- 

'-^0.50^®0.50^5^hl°19 

60 

-- 

CerIgAl  1 2^0 

60 

-- 

^^0.9^^0.1^’*^^hl^l9 

25 

35 

10 

55 

^®0.7^^0.3^^^^11°19 

• 5 

60 

^®0.65^‘^0.35^^^hl°19 

--  0 

65 

'1-  0 

60 

(Reprinted  from  "Cerium  and  Terbium  Luminescence  in  LaMgAl nOig," 
J.M.P.il.  Vorstegen,  J.L.  Somnerdijk  and  J.G.  Verriet,"  Journal  of 
Luminescences,  (1973).) 


6 


I 

i. 


t 


MICROWATTS  cm2  30A 


aUANTUM  EFFICIENCY  [%j 


to  rr^  r\j 


of  ETDL  CeMgAl 


45  500  cm"' 


41  900 


ilF  LEVELS 


■F7/2 


•F5/2 


36  400 


34  500 


33  000 


3250  cm -I 
/2695 
/2485 
<2085 


Fig.  7.  Energy  level  diagram  for  Ce^'*’  in  YAIO3. 

(Reprinted  from  "Optical  Spectra  of  Ce^'*’  and  Ce^''’-Sensitized  Fluorescence  in 
YAIO3,"  J-  Appl.  Phys.  44,  3208  (1973).) 
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